Paper No. 982123
An ASAE Meeting Presentation

EVAPOTRANSPIRATION OF IRRIGATED ALFALFA IN A SEMI-ARID ENVIRONMENT

by
S.R. Evett T.A. Howell R.W. Todd A.D. Schneider J.A. Tolk
Soil Scientist Research Leader Plant Physiologist Agricultural Plant Physiologist

Engineer

USDA-Agricultural Research Service
Conservation and Production Research Laboratory
2300 Experiment Station Road
Bushland, TX 79012, USA
http://www.cprl.ars.usda.gov

Written for presentation at the
1998 ASAE Annual International Meeting
sponsored by ASAE

Disney’s Coronado Springs Resort
Orlando, Florida
July 12-16, 1998

Summary: We tested Penman-Monteith (PM) and Kimberly Penman (1982) equation predictions of reference
evapotranspiration (ETg) against alfalfa (Medicago sativa, var. Pioneer 5454) ET measured to 0.05 mm precision
with weighing lysimeters under reference conditions in 1996-97 on Pullman clay loam (Torrertic Paleustoll) at
Bushland, TX. Yield from 4 cuttings was 16.5 dry t/ha in 1996, and 16.4 t/ha in 1997. Crop water use averaged
1.01 m per year. Daily alfalfa ETy predicted using PM methods and half-hourly weather data compared well with
our measurements (regression r? of 0.95, SE of 0.6 mm, and slope of 0.97). Use of daily weather data increased
SE to 0.8 mm (r? of 0.90, slope of 0.99) and introduced a positive offset of 0.5 mm. The Kimberly Penman (1982)
equation used with daily weather data produced biased predictions (r* of 0.91, SE of 0.7 mm, intercept of 0.8 mm,
and slope of 0.88).

Keywords: alfalfa, Penman Monteith, reference evapotranspiration, yield, water use, net radiation

The author(s) is solely responsible for the content of this technical presentation. The technical presentation does not neces-
sarily reflect the official position of ASAE, and its printing and distribution does not constitute an endorsement of views
which may be expressed.

Technical presentations are not subject to the formal peer review process by ASAE editorial committees; therefore, they are
not to be presented as refereed publications.

Quotation from this work should state that it is from a presentation made by (name of author) at the (listed) ASAE meeting.

EXAMPLE — From Author’s Last Name, Initials. “Title of Presentation.” Presented at the Date and Title of meeting, Paper
No. X. ASAE, 2950 Niles Road, St. Joseph, MI 49085-9659 USA.

For information about securing permission to reprint or reproduce a technical presentation, please address inquiries to
ASAE.
ASAE, 2950 Niles Road, St. Joseph, MI 49085-9659 USA
Voice: 616.429.0300 FAX: 616.429.3852 E-Mail: <hg@asae.org>



The United States Department of Agriculture (USDA) prohibits discrimination in all its programs
and activities on the basis of race, color, national origin, gender, religion, age, disability, political
beliefs, sexud orientation, and marital or family status. (Not all prohibited bases apply to all
programs.) Persons with disabilities who require aternative means for communication of
program information (Braille, large print, audiotape, etc.) should contact USDA’s TARGET
Center at 202-720-2600 (voice and TDD).

To fileacomplaint of discrimination, write USDA, Director, Office of Civil Rights, Room 326-W,
Whitten Building, 14th and Independence Avenue, SW, Washingtion, DC 20250-9410 or call
202-720-5964 (voice or TDD). USDA isan equal opportunity provider and employer.

Thiswork was prepared by a USDA employee as part of his official duties and cannot legally be
copyrighted. The fact that the private publication in which the article appearsisitself copyrighted
does not affect the material of the U.S. Government, which can be reproduced by the public at
will.
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ABSTRACT

Evapotranspiration (ET) from well-watered alfalfa with no limitations to growth is one of
two common reference ET (ETR) values used to scale ET from other crops to obtain crop
coefficient values for irrigation scheduling - the other is grass reference ET. We tested Penman-
Monteith (PM) and Kimberly Penman (1982) equation predictions of ET against measured afalfa
ET under reference conditions. Alfafa (Medicago sativa, var. Pioneer 5454) was seeded at 28
kg/hain Sept. 1995 and grown in 1996 and 1997 on Pullman clay loam (Torrertic Paleustoll) at
Bushland, TX. The crop was well-watered with alateral move sprinkler. Monolithic weighing
lysimeters (3-m by 3-m in surface area, and 2.4-m deep) measured ET every half hour to 0.05 mm
precision. Yield from 4 cuttings was 16.5 dry t/hain 1996, and 16.4 t/hain 1997. Crop water
use averaged 1.01 m per year. Daily ET in thiswindy, semi-arid environment occasionally
exceeded 14 mm. Daily alfalfa ETy predicted using PM methods and half-hourly weather data
compared well with our measurements (regression r? of 0.95, SE of 0.6 mm, and slope of 0.97).
Use of daily weather data increased the SE to 0.8 mm (r? of 0.90, slope of 0.99) and introduced a
positive offset of 0.5 mm. The Kimberly Penman (1982) equation used with daily weather data
produced biased predictions (r? of 0.91, SE of 0.7 mm, intercept of 0.8 mm, and slope of 0.88).
The ASCE Handbook 70 methods for predicting net radiation from solar irradiance worked well
when applied to half-hourly data (r? of 0.98, SE of 0.6 MJm™, and slope of 1.03). But these
methods applied to daily data produced biased results (r* of 0.95, SE of 0.7 MJm?, intercept of
1.5 MJm?, and slope of 0.84). Use of the 1982 Kimberly net radiation equations with daily data
produced dlightly less biased results (r? of 0.97, SE of 0.5 MJm?, intercept of 0.6 MJIm?, and
dope of 0.86). AlfafaET was 1.15 times grass ET from a nearby separate experiment in 1996.

Keywords. dfafa, Penman Monteith, Kimberly Penman, reference evapotranspiration, yield,
water use, net radiation

Contribution of the U.S. Department of Agriculture, Agricultural Research Service, Southern Plains
Area, Conservation and Production Research Laboratory, Bushland, Texas. Thiswork was prepared by a
USDA employee as part of hisofficial duties and cannot legally be copyrighted. The fact that the private
publication in which the article appearsisitsalf copyrighted does not affect the material of the U.S.
Government, which can be reproduced by the public at will.

2Soil Scientist, Research Leader/Agricultural Engineer, Plant Physiologist, Agricultural Engineer,
and Plant Physiologist, respectively, Conservation and Production Research Laboratory, P.O. Drawer 10,
Bushland, TX 79012. First author e-mail: srevett@ag.gov, Internet: http://www.cprl.ars.usda.gov



Evett, ASAE Paper No. 982123, Page 2

INTRODUCTION

Current widely used irrigation scheduling procedures, including the North Plains PET
network (Marek et a., 1996), rely on the KETy paradigm for prediction of daily crop water use
(ET). Thisconcept relieson adaily reference ET (ETx) measurement or prediction multiplied by
acrop coefficient (K) to predict water use. The crop coefficient is determined from prior
measurements of K.=ET/ET vs. growing degree days or growth stage. Different reference ET
crops have been considered such as well-watered and fertilized alfalfa and grass (Jensen et a.
1970; Wright, 1982; Doorenbos and Pruitt, 1977; Allen et a. 1989) but problems with
maintenance, cutting, lysimeter design and operation, and associated weather measurements have
combined to make these measurements often inaccurate (Allen et al., 1994a).

Great effort has gone into refining and testing equations for weather based ET,
calculations; and Allen et al. (1994a) recommended that, in studies aimed at determining crop
coefficients, ET routinely be calculated, using the Penman-Monteith formula, rather than
measured. However, crop coefficients are still found by measuring ET directly and dividing ET
by ET,. Therefore al of the problems associated with field measurements of ET are not
dismissed by using a weather based cal culation method since these problems are equally as
important for field measurements of crop ET as for determination of K.. Thereisincreasngly
more evidence that theoretical reference ET formulations do not accurately predict actual
reference crop ET in many environments, especially semi-arid and arid ones (Steduto et a., 1996).
There is also much evidence that crop coefficients are not transferrable from one region to
another regardless of the reference ET method.

Allen et a. (19944a) provided evidence for this lack of transportability by comparing the
ratio of alfalfato grass ETy across six arid and five humid locations. The ratio varied
considerably across locations, most dramatically between arid and humid locations. For most
locations there was also a difference between the ratio for the peak month and the mean ratio for
that location. It isimportant to note that this variance of ratios applies equally as well to the ratio
of aparticular crop ET to grass ETj, (i.e. the crop coefficient, ET/ETj) thus calling into question
the transportability of crop coefficients.

Using an energy balance model, Annandale and Stockle (1994) studied variability of full
canopy cover K; asinfluenced by changes in solar radiation, air temperature, VPD, and wind
speed; for avariety of different plant heights and canopy resistances. Variability in K. increased
as crop height increased and as canopy resistance decreased. Variability in K decreased if an
afafareference ET was used rather than grass ETy and they recommended: 1) using dfafaETg,
and 2) development of methods for directly estimating crop ET.

Jensen et al. (1990) evaluated 19 methods of estimating ET, and ranked the PM method
the highest, but adjustments to roughness length, leaf areaindex, and bulk surface resistance were
applied to the PM through measurements of mean crop height while the other methods were not
adjusted in thisway (Allen et d., 1994a). Thisinclusion of LAI effects on canopy resistance and
plant height effects on the surface roughness parameter significantly improved the performance of
the PM method (Jensen et al., 1990). Our objective was to evaluate Penman-Monteith and 1982
Kimberly Penman equations for afalfareference ET by comparison with ET from well-watered
full-cover dfafain our highly advective semi-arid environment.
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MATERIALS and METHODS

Alfafavariety Pioneer 5454° was seeded at arate of 28 kg ha* on September 13 and 14,
1995, with agrain drill on 20 cm spacing using two passes of the drill. The two fields were
irrigated with a Lindsay lateral move sprinkler as needed to maintain a well-watered condition
(Fig. 1). Thefields are contiguous, being separated only by a sprinkler wheel track; and each field
isab hasquare with aweighing lysimeter in its center. The fields are designated NorthEast (NE)
and SouthEast (SE), as are the lysimeters.

Evapotranspiration and Micrometeorological

M easurements e

Lysimeter masswas measuredona6s [ L aT
interval with 15 min averages reported (later : G L
consolidated to 30 min averages) using the s e R : C\)x
methods reported in Dusek et al. (1987), ' N LT o=

which result in a precision of 0.05 mm.
Evapotranspiration was calculated from the
water balance (including rainfall and irrigation
occurring in each 30 min period).
Micrometeorological measurements were
made at 6 sintervals and reported as 30 min
averages. Due to better fetch, measurements
at the NE lysimeter will be described here but
all measurements were made on the SE
lysimeter aswell. Lysimeter inside surface areawas 9 m? but the crop canopy extended from both
inside and outside the lysimeter to cover the 0.04 m wide lysmeter walls. We considered that the
actual canopy surface area contributing to ET from the lysimeter was thus extended to an area
3.02 by 3.02-m square. Thus, we applied a correction factor to lysimeter ET of 9(3.02)2 =
0.9868. Grass reference ET and net radiation, and additional micrometeorological variables, were
measured at the nearby grass weather station as described in Howell et al. (1998). Specificaly,
air and dew point temperatures were measured at 1.5 m height, and wind speed was measured at
2 m height.

Over the lysimeters, wind speed (Met One 014A, Grants Pass, OR), and relative humidity
and air temperature (Rotronics MP100, Huntington, NY') were measured at 2 m above ground
surface (Fig. 1). Transmitted PAR was measured at ground level (Licor LI1-191SB, Lincoln, NE).
Severa radiation sensors were mounted on a bar at 1 m above the soil surface: Surface
temperature (canopy and/or soil) was measured by infrared thermometer (Exergen IRT/C.2-T-80)
pointed at 60° below horizontal). Net radiation was measured with REBS net radiometers
(Q*5.5, Seattle, WA). Reflected short wave radiation was measured by solar radiometer (Eppley
8-48, Newport, Rl). The Eppley 8-48 was replaced in summer 1996 by the Kipp and Zonen
CM 14 abedometer (Delft, Holland), which measured incoming and reflected short wave
radiation. Reflected PAR was measured by the Licor LI1-190SB sensor.

Figure 1. Instrumentation over the SE
lysimeter, June 18, 1996. Sprinkler irrigation is
occurring.

*The mention of trade or manufacturer names is made for information only and does not imply an
endorsement, recommendation, or exclusion by USDA-Agricultural Research Service.



Evett, ASAE Paper No. 982123, Page 4

Soil heat flux was measured with four heat flux plates (REBS HFT-1) buried at 5 cm
depth with averaging thermocouples (parallel connected) buried at 2 and 4 cm above each plate.
Rainfall was measured by atipping bucket raingage (Qualimetrics 611-B) mounted to place its
orificeat 1 m above ground level at each lysimeter.

Leaf Arealndex (LAI) and Staging

Leaf area was measured every two weeks and at each harvest. In each field, four 1 m
square areas were harvested and quickly bagged in plastic bags and placed in a cooler. These
were weighed for fresh weight. Subsamples were taken from each bag (about 8% of sample wet
mass), weighed for fresh weight and the leaves pulled off and leaf area measured with aleaf area
meter (Licor L1-3100, Lincoln, NE). The leaf area meter was checked periodically with a 50 cm?
standard disk. Leaves and stems of the subsamples were saved, dried and weighed to find the
ratio of dry leaf mass to stem mass. The ratio of leaf areato fresh weight from the subsamples
was used to calculate leaf areafor the 1 m square samples from total fresh weight.

At harvest the alfalfafrom the lysimeters was harvested and placed quickly in plastic bags
and fresh weight determined. Three subsamples from each lysimeter were weighed for fresh
weight and leaf areadetermined. At harvest the leaf areain the field was also determined as
stated in the previous paragraph. Growth stage and plant height were measured at every LAI
measurement date.

Harvest

Harvest was at times that balanced the
need for data collection, crop quality, field
operations, and field condition (wetness).
These constraints allowing, harvest was done in
the period from 10% to 50% bloom. Alfafa
was swathed with conditioning, cured, and :
baled into small, square bales. Lysimeters were
hand-harvested for total fresh weight and
biomass (Fig. 2).

ET Prediction
The Penman-Monteith equation is

AR, - G) + pc(e, - e)r,

AET - A+ y@ - rJr) @

where AET islatent heat flux , R, is net radiation, and G is soil heat flux (al in MIm?2sh); A is
the slope of the saturation vapor pressure-temperature curve (kPa °C%), p is air density (kg m),
C, is the specific heat of air (kJkg* °C?), e, is saturated vapor pressure of the air and e isthe
saturated vapor pressure at the dew point temperature (kPa), (e, - e,) is the vapor pressure deficit
(VPD), r, is the aerodynamic resistance (s m™), r, is the canopy resistance (s m™), and vy isthe
psychrometric constant (kPa °C™?).
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Penman-Monteith estimates of ET were calculated using methods from ASCE Handbook
70 (Jensen et al., 1990). Canopy resistance was calculated as

rs=r,(0.5LAI* (2)
where r, isthe stomatal resistance taken as 100 /m, and where LAI was calculated as
LAl =55+ 1.5In(h.) 3

where h, is crop height (taken as 0.5 m). Aerodynamic resistance, r,, (sm™) was calculated as

( z. - d) ( z - d)
In In
r = Zom Zon (4)

i kU,

where z,, (m) is the measurement height (2 m) for wind speed, U,, (m/s), z, (m) is measurement
height (1.5 m) for air temperature and relative humidity, k is 0.41, and the zero plane
displacement height, d, is calculated as

d=2/3h, (5)
the roughness length for momentum, z,,,,, is calculated as

z, =0.123 h, (6)

and the roughness length for heat and water vapor transport is

Zoh = 01 Zom (7)

For the PM equation, net radiation was calculated from Egs. 3.5, and 3.15-3.17 in ASCE
Handbook 70 with abedo, o, taken as 0.23, and a= 1.35, b =-0.35, a, = 0.35, and b, = -0.145.
For half-hourly calculations at night the ratio of solar irradiance, Rs, to clear sky irradiance, Rso,
was taken as 0.7 (Allen et al., 1994b).

For the 1982 Kimberly Penman method, the time of year was assumed to influence albedo
according to Eqg. 6.67 in ASCE Handbook 70; parameter a, varied with time of year according to
Eqg. 6.68; b, was taken as -0.139; and parameters a and b were taken as

a=1126, R9YRs0>0.7 (8a)
b=-0.07, RYRs0o>0.7 (8b)
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a=1017, R9YRso<=0.7 (8c)
b=-0.06, RYRso<=0.7 (8d)

Then net radiation was calculated using Egs. 3.5, and 3.15-3.17 in ASCE Handbook 70.

For haf-hourly calculations, soil heat flux was calculated as 0.1 R, for daytime values and
0.5R, for nighttime values (Allen et a., 1994b). For daily calculations, soil heat flux, G (MJm?),
was calculated as

G =Csdy(T;- T,z 9)

where Cs was soil specific heat taken as 2.1 MJI m® °C*, ds was the soil depth for computing soil
heat flux taken as 0.18 m, T, was the current day’s mean air temperature approximated as the
mean of the minimum and maximum air temperatures, and T, ; was the mean air temperature over
the previous three days.

The Penman combination equation for daily valuesin MIm?is

aeT - 2B "9 v
A+ vy A+ vy

6.43W (e, - e, (10)

where W, is the wind function (Eg. 6.15c, ASCE Handbook 70). Our 1982 Kimberly Penman ET
values were calculated using the wind function

W;=a,+b,U, (11)

where a,, and b,, are described by Egs. 6.27 and 6.28ain ASCE Handbook 70
a, = 0.4 + 1.4exp{-[(DOY - 173)/58]?} (12)
b,, = 0.605 + 0.345exp{-[(DOY - 243)/80]?} (13)

where DOY isthe day of year and Eq. 12 isfor U, inm s,

RESULTS

Yield from four cuttings was 16.5 dry t/hain 1996, and 16.4 dry t/hain 1997. Irrigation
averaged 1007 mm per year. Leaf areaindex (LAI) exceeded 6 for the first cutting with lower
LAI values for subsequent cuttings (Fig. 3). Plant height exceeded 0.6 m for the first two cuttings
of 1996. The relationship between LAI and plant height was not constant; and did not match the
function suggested by Allen et al. (1994b) (Fig. 4). Lodging that occurred before the first and
second cuttings in 1996 caused the plant height to decline (Fig. 4) in some areas of the field and
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lysimeters. Lodging of the very heavy crop before the first two cuttings was worsened by
overhead spray irrigations and rain. The heavy crop was probably due to residual nitrogen in the
field from previous corn and wheat crops. Soil nitrogen samples taken to 4.3-m depth showed
uptake of residual nitrogen by the alfalfain the first two crop years (data not shown).

8 80 a
LAI (Y1) == == HEIGHT (Y2) —_ .
x R 70 € w 3
w [} [Ty n O
o LI . Leo ™ —=— NE 1
] 1
Z - o e —— NE 2
n 1 ’0 750
< [ ™ o - —+— NE 3
o ' y D - 40 g < —+— NE 4
< b J g —e— SE 1
w ’ b= —+— SE 2
ﬁ h b 20 ‘zt —— SE 3
— J F10 g —=— SE 4
‘ ‘ ‘ 0 L A
50 100 150 200 250 300 0 10 20 30 40 50 60 70 80 90
DAY OF YEAR, 1996 PLANT HEIGHT (cm)

Figure 3 Fitted curves of |leaf areaindex (LAI) Figure 4. Plot of measured leaf areaindex
and plant height. (LAI) vs. plant height illustrating discrepancy

with Eq. 3.

Measured evapotranspiration in 1996 and 1997 followed different patterns (Fig. 5, omitted
irrigation and rain days). Early 1996 was marked by high evaporative demand, with average ET
of 8.5 mm d* until about August 15, after which mean ET was only 4.8 mm d™. In 1997, while
ET did decrease near the end of the season, there was not markedly higher ET early in the season.
Mean ET for 1997 was 6.7 mm d* compared with a seasonal mean of 7.1 mm d* for 1996. In

both years peak ET reached nearly 16 mm d.

Data for 1998 not included in this report show 16 s < . 1906
apeak ET of 18 mm d* (measured on both T 2 . . Talt o, oe
lysimeters). These data confirm that £ 8 Lc_-__._-_-_-‘:_..’___,':—‘,r—?-‘./--'-?[n;n*--
evaporative demand in this region of the g B O A FE
Southern High Plains is amongst the highest oy . - temm T ’
reported anywhere. ® : 1997
We compared estimated ET with e T PR PR .
measured ET for days when leaf areaindex W s 7'*-’1-’.—“’4{v.~—*§———+r,.'-=' St B
was greater than 3; while omitting days when 1L e rem fi=e o7
the crop was not well-watered (drying period 0 T T T T T T 1
before harveSt), when the crop was |Odged, 120 140 160 180 200 220 240 260 280
DAY OF YEAR

and when irrigation or rainfall compromised
the integrity of the water balance calculations ~ Figure 5. AlfalfaET in 1996 and 1997 from the
for measured ET (Table 1, Fig. 6). Using NE lysmeter at Bushland. Dashed lines indicate

half-hourly data with the PM equation growing season means. Solid lines in the 1996
resulted in excellent predictions of non- plot indicate means before and after August 15.
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stressed full-cover alfalfa ET for both years. Calculations using daily means and maximum and
minimum temperatures resulted in predictions that were almost as good, but exhibited a dlight
positive offset approaching 0.7 mm in 1997. The 1982 Kimberly Penman equation tended to over
predict ET at low ET rates and under predict at high ET rates. Aswill be discussed below, this
was tied to predictions of net radiation that were biased under our conditions.

Table 1. Evapotranspiration, ET (mm), estimated by three methods' compared with lysimeter measured
ET, ET,, for 1996 and 1997.

1996 Regression Equation r? SE N
ET, ey = -0.15 + 0.97(ET)) 0.97 0.43 mm 59
EToy =0.34 + 1.01(ET)) 0.95 0.58 mm 59
ET,q, = 0.70 + 0.91(ET,) 0.97 0.44 mm 59
1997
ET, ey = -0.14 + 0.96(ET)) 0.93 0.65 mm 86
ETgy =0.69 + 0.97(ET)) 0.86 0.95 mm 86
ET,q, = 0.89 + 0.87(ET,) 0.88 0.81 mm 86
1996 and 1997 combined
ET, ey = -0.12 + 0.97(ET)) 0.95 0.57 mm 145
ETgoy =0.54 + 0.99(ET),) 0.90 0.82 mm 145
ET,q, = 0.83 + 0.88(ET,) 0.91 0.69 mm 145

! Methods are indicated by subscripts as follows
0.5 PM = Penman Monteith with half-hourly calculations
PM = Penman Monteith with daily calculations
K82 = Kimberly Penman 1982 with daily calculations

In contrast to using Egs. 2 and 3 with a standard plant height of 0.5 m, we then used the
PM equation on 1996 data with plant height and LAI from the fitted curves (results not shown).
Estimates of ET were less precise with SE of 1.4 mm and were more biased with greater over
prediction at the larger ET values. This may illustrate some fragility in Egs. 3-7 for conditions
that are not close to the standard conditions of h, = 0.5 m and LAI = 4.5. On the other hand, the
fitted curves of crop height only approximate the actual plant height on any given day; dueto
partial and temporary lodging that tended to occur after heavy irrigations or rain.

Comparison of lysimeter measured alfalfaand grass ET was limited to 22 data pointsin
1996 when conditionswereided (Fig. 7). Theratio of alfafato grass ET was 1.15, which is
somewhat lower than would be predicted on the basis of PM estimates of grass and alfalfaET.



N
o

—— ,‘c‘
E " S1:1line
E 15
l—
w
E 10 0.5h PM
- DAILY PM
‘Et Kimb82 P
= 5 0.5h PM
=
»n = DAILY PM
w Kimb82 P

0 T T T T

0 5 10 15 20 25

1996-97 NE LYS. ET (mm)
Figure 6. Penman-Monteith ET vs. measured

Evett, ASAE Paper No. 982123, Page 9

16

1996
14— GRASS ET = 0.04 + 0.87(ALFALFA ET)
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Figure 7. Comparison of grass ET with afafa

ET for leaf areaindex (LAI) >= 3. Equations2 ET, measured values for 1996.

and 3 were used with crop height set to 0.5 m.

For instance, Allen et al. (1994a) calculated ratios averaging 1.35 for six arid sites, and averaging
1.28 for five humid sites. The PM equation tends to under-estimate grass ET for our location
(Howell et d., 1998); and theratio of afalfato grass PM ET would be expected to be higher than

1.15.

Net radiation was very well predicted
when half-hourly data were used and
suggestions for night time Rn calculation from
Allen et a. (1994) supplemented the methods

suggested in ASCE Handbook 70 (Table 2, Fig.

8). Using daily data resulted in biased
predictions of Rn using Handbook 70 methods,
with over-estimation at low Rn values and
underestimation at high values. Using the time
of year dependent net radiation calculation
methods of Wright (1982) (Kimberly Penman
1982) reduced but did not eliminate the bias.
We checked our net radiometers against the
sum of net radiation components as measured
by an albedometer (model CM 14, Kipp &
Zonen, Delft, Holland) and two pyrgeometers
(Kipp & Zonen model CG2, and Eppley
Laboratories, Inc model PIR, Newport, RI). In
both 1997 and 1998 there was little difference
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Figure 8. Comparison of net radiation (R,)
computed with ASCE Handbook 70 methods
with R, measured using a REBS Q*5.5 net
radiometer.
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|

ESTIMATED Rn (MJ m?)

o

o
al

between the Q*5.5 measured Rn and the sum of measured components, regardless of which
pyrgeometer was used, leading us to believe that our measured net radiation values are likely

correct.
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Table 2. Net radiation, Rn (MJm?), estimated by three methods' compared with lysimeter measured Rn,
Rn,, for 1996 and 1997.

1996 Regression Equation r? SE N
RNy epy = -0.13 + 1.03(Rn,) 0.98 0.55 MJ m 105
Rngy =1.32 + 0.85(Rn,) 0.95 0.73MJIm? 105
Rnyq, = 0.53 + 0.87(Rn,) 0.97 0.52 MJm2 105
1997
RNy epy = -0.02 + 1.04(Rn,) 0.98 0.55 MJ m 158
Rngy =1.70 + 0.84(Rn,) 0.95 0.73MJIm? 158
Rnyq, = 0.72 + 0.86(Rn,) 0.98 0.49 MJ m2 158
1996 and 1997 combined
RNy pyy = -0.08 + 1.03(Rn,) 0.98 0.56 MJ m 263
Rngy = 1.53 + 0.84(Rn,) 0.95 0.74 MJIm? 263
Rnyq, = 0.63 + 0.86(Rn,) 0.97 0.51 MJm2 263

! Methods are indicated by subscripts as follows
0.5 PM = Penman Monteith with half-hourly calculations
PM = Penman Monteith with daily calculations
K82 = Kimberly Penman 1982 with daily calculations

Table 3. Soil heat flux, G (MJm?), estimated by two methods' compared with lysimeter measured G, G,
for 1996 and 1997. Ten days post-harvest data omitted.

1996 Regression Equation r? SE N
Gospy = 0.66 + 0.40(G,) 0.33 0.29 MJ m2 143
Gpy =0.07 + 1.52(G)) 0.42 0.93MJIm? 143
1997
Gospy = 0.72 + 0.62(G,) 0.51 0.29 MJ m2 114
Gpy =0.05+ 1.67(G)) 0.52 0.76 MIm? 114
1996 and 1997 combined
Gospy = 0.69 + 0.49(G,) 0.40 0.30 MJ m2 257
Gpy = 0.06 + 1.58(G,) 0.46 0.86 MIm? 257

! Methods are indicated by subscripts as follows
0.5 PM = Penman Monteith with half-hourly calculations
PM = Penman Monteith with daily calculations
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Sail heat flux was not well estimated

by either of the methods used (Fig. 9). But, o Py
the method of Allen et a. (1994b), which E 4 DAILY PM
estimates heat flux as 0.1 of Rn during S | oD o
daytime and 0.5 of Rn during nighttime, g L
resulted in smaller errors. However that a o
method was more biased, by 0.63 MJm™ on W,
average. The method using daily air < |
temperatures al'so gave biased estimates E =h I e
n 4 o7 7%
w |

(intercepts near zero, but dopes far from
unity); and it tended to over&zctimate the larger ST T 5 T .
heat fluxes, often by 2 MJIm™. This 5
contributed only slightly to the larger scatter 1996-97 NELYS. G (MJ m™)
indaily PM estimates of ET, compared with Figure 9. Comparison of soil heat flux, G,

the other two ET; methods. Computing daily  estimates with measured values for 1996-97.

PM estimates with soil heat flux set to zero

did not reduce the standard error of estimate (SE) for regression against measured ET. But, it did
reduce the positive bias dightly (r* = 0.90, intercept = 0.46, dope = 1.00, SE = 0.82 mm).

CONCLUSIONS

The Penman-Monteith equation, with methods for estimating aerodynamic and canopy
resistances and net radiation from ASCE Handbook 70, predicted afalfa ET well under reference
ET conditions at our location (plant height assumed equal to 0.5 m and LAI equal to 4.5). Using
curves of LAl and plant height fitted to measured data did not improve ET estimates, probably
because of temporary lodging of the crop under our spray irrigation system.

Our sprinkler irrigation system caused two problems, the first of which was lodging of the
crop. The second problem was that we often had to irrigate three times per week to keep the
crop well-watered. This was because runoff was a problem if irrigation exceeded about 25 mm
per day. Because lodging was usually a problem only when crop height exceeded 0.6 m, the first
problem could be mitigated by harvesting earlier.

Consideration of the results of this paper and those of Howell et a. (1998) leads to the
conclusions that alfalfais a better reference crop than is grass, and that the PM equation for alfafa
worked better than the PM equation for grassin our environment.
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